Abstract. We assemble a versatile molecular scaffold from simple building blocks to create binary and multiplexed stable isotope reagents for quantitative mass spectrometry. Termed Protected Amine Labels (PAL), these reagents offer multiple analytical figures of merit including, (1) robust targeting of peptide N-termini and lysyl side chains, (2) optimal mass spectrometry ionization efficiency through regeneration of primary amines on labeled peptides, (3) an amino acid-based mass tag that incorporates heavy isotopes of carbon, nitrogen, and oxygen to ensure matched physicochemical and MS/MS fragmentation behavior among labeled peptides, and (4) a molecularly efficient architecture, in which the majority of hetero-atom centers can be used to synthesize a variety of nominal mass and sub-Da isotopologue stable isotope reagents. We demonstrate the performance of these reagents in well-established strategies whereby up to four channels of peptide isotopomers, each separated by 4 Da, are quantified in MS-level scans with accuracies comparable to current commercial reagents. In addition, we utilize the PAL scaffold to create isotopologue reagents in which labeled peptide analogs differ in mass based on the binding energy in carbon and nitrogen nuclei, thereby allowing quantification based on MS or MS/MS spectra. We demonstrate accurate quantification for reagents that support 6-plex labeling and propose extension of this scheme to 9-channels based on a similar PAL scaffold. Finally, we provide exemplar data that extend the application of isotopologe-based quantification reagents to medium resolution, quadrupole time-of-flight mass spectrometers.
Introduction
C ollective developments in mass spectrometry, along with advances in sample processing, enrichment, separations, and data analysis have shifted the experimental focus of proteomic applications from simple protein catalogs to the construction of dynamic networks, where changes in protein expression and post-translational modification status are monitored as a function of biological state or perturbation. The ability to use these quantitative data in models that support predictions in the context of cellular physiology will have a profound impact on human health.
Over the past few years, a number of isotope label-based and label-free approaches have been developed for relative protein quantification by LC-MS/MS [1] [2] [3] . Label-free methods do not require isotopically enriched reagents, although the variance in peptide ion current and chromatographic retention may increase significantly in experiments requiring complex sample handling or fractionation procedures. Spectral counting is an alternative label-free approach that utilizes the number of MS/MS scans acquired per peptide as a surrogate for relative abundance; this method has proven to be very reliable at the level of discrete protein complexes [4] , although it has fared less well for quantification of high complexity biological mixtures. As a result of these limitations, techniques based on isotope dilution remain the gold-standard for quantitative mass spectrometry measurements across a broad range of biological samples and matrices.
Stable isotope-based labels for proteomic studies generally fall into one of three categories [1] : enzymatic, metabolic, and synthetic chemical reagents, with the latter two representing the majority of applications. Metabolic labels are best represented by SILAC [5] , in which isotopically enriched essential amino acids are incorporated into cellular proteomes in vitro during serial passage, and SILAM [6] [7] [8] [9] , which relies on 15 N-labeled feedstock to yield isotopically labeled proteins in vivo. Metabolic approaches minimize systematic sample processing errors by incorporating isotopes during cell culture or animal husbandry; however, the reagents must be compatible with living systems, thereby limiting the chemical space for synthesis as well as the degree of sample multiplexing.
In contrast to metabolic approaches, introduction of isotopically enriched labels after protein purification from cells or tissues provides an opportunity to "fine-tune" reagents in terms of target site, impact on gas phase basicity, peptide fragmentation, and incorporation of affinity tags to provide dual-purpose enrichment and quantification [10] [11] [12] [13] . As a result, synthesis of reagents de novo provides a wide scope for creative molecular design compared with metabolic labeling, provided that care is taken to process samples reproducibly in parallel until the point at which proteins and/ or peptides are isotopically encoded and mixed. Isobaric multiplexed labels (iTRAQ [11, 14] and TMT [12] ) represent the most widely used chemical-based reagents. Peptides derived from four (iTRAQ 4-plex [11] ), six (TMT 6-plex [12] ), or eight (iTRAQ 8-plex [14] ) biological conditions are labeled and subsequently detected at the same nominal m/z in the MS-level spectrum. Fragmentation during MS/MS yields typical b-and y-type ions, along with a series of 4, 6, or 8 low-m/z "reporter" ions that are used for relative quantification. The inherent multiplexing capability of these reagents supports higher sample throughput, although simultaneous fragmentation of peptides having similar m/z can "compress" reporter ion ratios towards the mean value of all peptides in the sample [15] [16] [17] [18] .
Most quantification strategies in proteomics rely on comparison of isotopomers that contain a different number of neutrons (e.g., peptide precursors in the case of SILAC/ SILAM or low-mass reporter ions in the case of iTRAQ/ TMT). In contrast, the advent of mass spectrometers that operate with high duty cycle and resolving power provides an opportunity to quantify isotopologues that contain the same number of neutrons incorporated into different atoms. This approach has previously been utilized for metabolite identification [19] , and demonstrated for quantitative proteomics by use of isotopologue-encoded amino acid NHSesters [20, 21] , TMT reagents [22, 23] , or small molecule protein biochemistry reagents [9, 24] . Similarly, metabolic isotopologue reagents were recently described for use in peptide quantification [25, 26] . In each of these methods, labeled peptides have the same nominal mass but differ in their exact mass based on the binding energies of carbon, nitrogen, or oxygen nuclei.
In this work we sought to develop a versatile molecular scaffold that would support synthesis of nominal mass and sub-Da stable isotope labels suitable for a variety of mass spectrometry platforms and proteomic applications. These reagents, which we term Protected Amine Labels (PAL), are created from readily available chemical building blocks and provide several desirable figures of merit: (1) robust targeting of peptide N-termini and lysyl side chains, (2) regeneration of primary amines on labeled peptides to maintain facile ionization, (3) matched physicochemical and MS/MS fragmentation behavior among peptide analogs, and (4) efficient use of available heteroatom centers to provide a variety of nominal mass and sub-Da isotopologue stable isotope reagents supporting both MSand MS/MS-based quantification.
We use 3-channel PAL reagents in a phosphoproteomic workflow to derive accurate MS-level quantification of phosphopeptide isotopomers that comprise signaling cascades activated in primary hematopoietic progenitors stimulated with lineage-specific ligands. In addition, we demonstrate the utility of PAL reagents for multiplexed, isotopologue-based quantification where peptide ratios are determined from MS or MS/MS spectra. Importantly, the latter mode of operation enables use of sub-Da isotopologue reagents with medium-resolution, quadrupole time-of-flight mass spectrometers, extending the range of instrumentation suitable for isotopologue quantification studies.
Methods
Detailed methods describing the synthesis of each reagent, along with experimental procedures for cell culture, LC, mass spectrometry, and flow cytometry are available in Supplementary Experimental Procedures.
Synthesis of TFA-β-Alanine N-hydroxysulfosuccinimide (sulfoNHS) Esters β-Alanine or ( 13 C-3, 15 N-1)β-alanine was trifluoroacetylated with S-ethyl trifluorothioacetate. SulfoNHS was coupled by use of diisopropylcarbodiimide.
Synthesis of TFA-β-Alanyl-β-Alanine sulfoNHS Esters
Preparation of these active esters involved reacting β-alanine, ( O-1)β-alanine sulfoNHS. Product was purified by C 18 HPLC, and sulfoNHS was coupled by use of diisopropylcarbodiimide. Synthesis of N-tert-Butoxycarbonyl (boc)-GlycylGlycine Pentafluorophenyl Esters (Pfp) ( 13 C-1)glycine was treated with thionyl chloride in methanol, to afford the methyl ester. Boc-( 13 C-1)glycyl-( 13 C-1)glycine was prepared by coupling Boc-( 13 C-1)glycine and ( 13 C-1)glycine methyl ester with EDC/HOBt. After saponification of the methyl ester, the Pfp ester was prepared by reacting N-boc-( 13 C-1)glycyl-( 13 C-1)glycine with pentafluorophenyltriflouroacetate. N-boc-( 15 N-1)glycyl-( 15 N-1)glycine Pfp was prepared in an analogous fashion, substituting ( 15 N-1)glycine compounds for those containing ( 13 C-1)glycine.
O Incorporation

General Protocol for Labeling of Peptides
Model peptides (1 nmol) or K562-derived trypsin or lys-C peptides (100 μg) were dissolved in 100 μL of 30 % 500 mM TEAB/70 % ethanol, treated with 1 μmol of the appropriate reagent, and incubated at room temperature for 1 h.
Removal of TFA Protecting Groups
TFA protecting groups were removed by adjusting the pH tõ 11.5 with 1:5 ammonia/water and 250 mM sodium carbonate, pH 12.0. After incubation for 1 h at 56°C, reactions were acidified with TFA, and evaporated to dryness by vacuum centrifugation.
Procedure for Double Labeling of Peptides with N-boc-Glycyl-Glycine Pfp Aliquots corresponding to 100 μg tryptic or lys-C peptides from K562 lysates were labeled with N-boc-( 13 C-1)glycyl-( 13 C-1)glycine Pfp or N-boc-( 15 N-1)glycyl-( 15 N-1)glycine Pfp according to the general protocol above. After deprotection and desalting, peptides were subjected to an additional round of labeling with the same reagent. Double label reactions were combined, dried by vacuum centrifugation, and deprotected.
Procedure for 6-plex Labeling of K562 Peptides with TFA-β-Alanyl-Alanine sulfoNHS and N-boc-Glycyl-Glycine Pfp SulfoNHS esters of TFA-β-alanyl-β-alanine ("LL"), TFA-β-alanyl-( 13 C-3, 15 N-1)β-alanine ("HL"), and TFA-( 13 C-3, 15 N-1)β-alanyl-( 13 C-3, 15 N-1)β-alanine ("HH") (1 μmol) were used to label two aliquots of 100 μg lys-C peptides according to the general procedure. After drying and deprotection, one aliquot each of "LL," "HL," and "HH" labeled peptides was treated with N-boc-( 15 N-1)glycyl-( 15 N-1)glycine Pfp; the remaining aliquot of each was reacted with N-boc-( 13 C-1)glycyl-( 13 C-1)glycine Pfp. Reactions were combined, dried by vacuum centrifugation, and deprotected.
Results and Discussion
Protected Amine Label (PAL) Architecture and Performance PAL reagents are synthesized from three building blocks ( Figure 1a ): (i) an amino acid-based mass tag carrying either light or heavy isotopes of carbon, nitrogen, or oxygen, (ii) an activating group that targets peptide primary amines, and (iii) a reversibly-bound protecting group that enables controlled introduction of multiple tags and allows regeneration of primary amines to facilitate ionization. As an initial evaluation of this technology toward traditional MS-based quantification, we synthesized a binary reagent based on β-alanine (3-aminopropanoic acid; β-Ala PAL) and labeled [glu-1]-fibrinopeptide B (Glu-Fib, Figure 1b) . We observed a~1:1 ratio of light/heavy protected ( Figure 1c ) and deprotected (Figure 1d) peptides; in addition, the labeling proceeded quantitatively with no appreciable polymerization. A small fraction (~15 %) of Glu-Fib was deamidated during deprotection (note slight increase in the carbon-13 peak in Figure 1d and Supplementary Figure S1 ), likely due to the N-D sequence motif, which is known to have one of the highest rates of deamidation [8] , second only to N-G. The standard peptide Substance P, which contains two glutamine residues but no N-D motif, exhibited virtually no deamidation under the deprotection conditions used herein (Supplementary Figure S2) . Figure 1 . PAL architecture and binary labels. (a) The PAL strategy utilizes amino acids (middle) as mass tags based on incorporation of 13 C, 15 N, or 18 O. The primary amine is reversibly protected (left) whereas the C-terminus is activated by an amine-directed ester (right). (b) Labeling scheme for β-Ala PAL binary reagents. After protein purification and enzymatic digestion, peptides (top) are incubated at pH 8.5 at room temperature for 1 h with light and heavy reagents, and mixed. Incubation at pH 11 for 1 h regenerates primary amines for facile mass spectrometry ionization. A peptide standard (Glu-Fib, EGVNDNEEGFFSAR) was labeled with β-Ala PAL light and heavy reagents, mixed in a relative ratio of 1:1, and analyzed by MALDI-TOF mass spectrometry (c) before and (d) after deprotection MS/MS analysis by MALDI TOF/TOF revealed nearly identical fragmentation patterns between the labeled and unlabeled Glu-Fib peptides (Supplementary Figure S3) . To explore the performance of β-Ala PAL across a wider range of peptides, we labeled tryptic digests of four standard proteins and mixed the light/heavy peptides in relative ratios ranging from 1:1 to 5:1. LC-MS/MS analysis demonstrated that lysine-containing peptides, labeled on both the amine terminus and side chain, yielded readily interpretable fragment ion spectra under typical low-energy collisionactivated dissociation conditions. Finally, extracted ion chromatograms (XICs) for light/heavy peptide pairs overlapped in chromatographic elution time, with relative peak areas corresponding to the expected ratios (Supplementary Figure S4) .
As noted above, the PAL protecting group prevents polymerization during the labeling reaction, but is easily removed to regenerate peptide N-termini and maintain optimal ionization efficiency. The trifluoroacetyl group imparted improved aqueous stability to β-Ala PAL reagents compared to the N-methyl-piperizine moiety of iTRAQ reagents (Supplementary Figure S5) . We leveraged this characteristic to label tryptic peptides in situ after capture on reversed-phase resin (Supplementary Figure S6) , affording the possibility of improved peptide recovery in sample-limited experiments [27] .
PAL Multiplexed (PAL-MP) Labels
As noted above, there is significant interest in labeling strategies that enable multiplexed analysis of more than two biological states simultaneously. This approach improves sample throughput and supports more complex time-course or kinetic experiments [28] . The modular architecture of the PAL reagents enables polymerization of multiple, isotopeencoded amino acids to provide a 4-Da mass shift across multiple reagent channels. Combining light and heavy carbon and nitrogen isotopes within two β-alanine residues provides a 3-channel multiplexed reagent (β-Ala 2 PAL, Figure 2a ). As an initial demonstration, the model peptide Glu-Fib was derivatized with each reagent, mixed in a 1:1:1 ratio, deprotected, and analyzed by MALDI-TOF MS (Figure 2a ). To further explore the performance of these multiplexed reagents, we labeled tryptic peptides derived from human myeloid K562 cells in relative ratios of 10:5:1 and analyzed the resulting mixture by LC-MS/MS. Peptides and proteins were accurately quantified (Figure 2b and c) across all three combinations. In addition, labeled peptides co-eluted and yielded readily interpretable MS/MS spectra ( Figure 2d ). Moreover, the distribution of peptide ratios was similar to that observed with mTRAQ labels (Figure 2e ). Significantly, PAL reagents are "molecularly efficient" in that all heteroatom centers can be utilized to create higherorder multiplexed labels; for example, incorporation of 18 O into each carbonyl of the β-alanine scaffold above yields a 4-plex reagent in which each channel is separated by 4 Da (Supplementary Figure S7) . As in a recent report [29] , this strategy could in principle be combined with commercially available isobaric labels (i.e., TMT/iTRAQ) to yield highorder (24-or 32-plex) multiplexed reagents.
As an application of β-Ala 2 PAL 3-plex reagents we interrogated signaling pathways mediated by granulocytemacrophage colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF), which independently promote differentiation of bone marrow hematopoietic progenitors along eosinophil and neutrophil lineages [30] [31] [32] [33] . Although these ligands target different receptors, both propagate phosphorylation through the JAK/ STAT, RAS/ERK, and PI3K/AKT pathways [34] [35] [36] [37] , suggesting that recruitment of distinct mediators provides specificity and pleiotropy. To identify molecular determinants downstream of GM-CSF and G-CSF, we cultured CD34+ cells isolated from fresh, human bone marrow samples in the presence of vehicle (DMSO) or ligand ( Figure 3a) . After harvest and digestion, the tryptic peptides were labeled with β-Ala 2 PAL 3-plex reagents, mixed, and deprotected. Phosphopeptides were enriched [38] and analyzed by RP-SAX-RP MS/MS analysis [39] . Across biological replicates we quantified 7363 unique phosphopeptide sequences that mapped uniquely to 2794 genes (Figure 3b) , with each ligand inducing a unique phosphorylation profile (Figure 3c) . Notably, peptide dehydration and deamidation rates were very similar to those observed in a previous study from our laboratory [39] that analyzed unlabeled phosphopeptides derived from K562 tryptic digests at a depth of 53 RP-SAX-RP fractions (similar to the conditions utilized here), providing further evidence that our PAL-MP labeling scheme does not promote a significant degree of undesirable side reactions and is compatible with large-scale proteomic workflows. As expected, we detected increased phosphorylation of STAT5 Y694 (Figure 3d and e) and SOS1 S1134 in the context of GM-CSF stimulation [40] [41] [42] . Biochemical analysis of STAT5 activation confirmed the mass spectrometry data (Figure 3f ). We aggregated phosphopeptide ratios across replicate experiments and used these data as input to the NetworkKIN kinase prediction web resource [43] . This analysis suggested differential activation of kinases in multiple families, including FLT3/ CSF1R/KIT, ABL, CDK1, INSR, PIM1/PIM3, and PKGcGK, in response to stimulation by G-CSF or GM-CSF (Figure 3g) . Ultimately, these ligands may promote expression of distinct hematopoietic, lineage-specific genes through phosphorylation of transcription regulatory factors identified in our proteomic analysis, such as IRF2BP2, FOXK1, SON, SPN, and DDX21 (G-CSF), or ACIN1, TRAP3, BCLAF1, and PDCD4 (GM-CSF). Interestingly, each of these co-regulatory proteins has been functionally linked to myeloid differentiation, although the specific mechanisms are not yet fully defined. Collectively, these results demonstrate the compatibility of PAL reagents for large-scale multiplex profiling of cellular signaling pathways. Tryptic peptides derived from human cell lysate were labeled with β-Ala 2 PAL multiplexed reagents, mixed in a relative ratio of 1:5:10 (LL:HL:HH), and analyzed by LC-MS/MS. Peptide ratios were calculated based on precursor ion peak heights, transformed to Log 2 space, and displayed as box plots. Boxes encompass the interquartile range of all ratios with respective median values indicated with stripes; whiskers represent 1.5× the interquartile range with outliers shown as filled circles. Nontransformed, median values are listed below each ratio designation (bottom). Number of unique quantified peptides (n) and peptide spectral matches (PSM) are shown above the plot. (c) Peptide ratios were aggregated to yield protein-level ratios that were transformed to Log 2 scale and displayed in box-plot format. Non-transformed, median values are listed below each ratio designation (bottom). Number of unique quantified proteins (n) is shown above the plot. (d) Mass spectrum (left) for the tryptic peptide (ALAAAGYDVEK) with isotopic distributions for the LL, HL, and HH analogs. Labeled peptides exhibit physicochemically equivalent behavior in terms of (right) chromatographic co-elution as evidenced by overlapping XICs and (bottom) nearly identical fragmentation spectra. Assigned y-and b-type fragment ions are indicated with red and blue lines in each MS/MS spectrum. (e) Tryptic peptides derived from human cell lysate were labeled separately with (i) two channels of β-Ala 2 PAL multiplexed reagents (LL and HL), and (ii) commercial mTRAQ reagents (light iTRAQ and iTRAQ-117). Light and heavy peptides from each reagent were mixed in a relative ratio of 1:1 and analyzed in separate LC-MS/MS experiments. Ratios for peptides labeled with β-Ala 2 PAL and mTRAQ were calculated based on precursor ion peak heights, transformed to Log 2 space, and displayed in box-plot format. Non-transformed, median values are listed below each ratio designation (bottom). *P value for Levene's test of peptide ratios (first to third quartiles of data) 90.05 13 C 2 ) and analyzed by LC-MS/MS with LTQ/ Orbitrap and LTQ/FT-ICR mass spectrometers, across a range of resolving power (specified at m/z = 400) as indicated in parentheses below each instrument designation. Peptide ratios were calculated based on precursor ion peak heights, transformed to Log 2 space, and displayed in box-plot format. Non-transformed, median ratios, number of unique quantified peptides (n), number of peptide spectral matches (PSM), and interquartile ranges (IQR) are listed below each instrument designation. **P value for Levene's test on peptide ratios (first to third quartiles of data) G0.0001. [(b) bottom] Representative mass spectral segments for the peptide, AAPFSLEYR, illustrating baseline resolution of isotopologues under different instrument/resolving power combinations. Resolving power for an undamped time-domain signal is listed in parentheses; actual experimental resolving power is shown at the right of each m/z segment. (c) Success rate for quantification of tryptic peptide isotopologue pairs as a function of (left) lysine-versus arginine-terminated peptides and (right) doubly-versus triplycharged precursors. [(d) top] Lys-C peptides derived from human cell lysate were labeled with Gly 2 PAL-HR reagents, mixed in a relative ratio of 3:1 ( 15 N 4 : 13 C 4 ) and analyzed by LC-MS/MS with LTQ/Orbitrap and LTQ/FT-ICR mass spectrometers, across a range of resolving power (specified at m/z = 400) as indicated in parentheses below each instrument designation. Peptide ratios were calculated based on precursor ion peak heights, transformed to Log 2 space, and displayed in box-plot format. Nontransformed, median ratios, number of unique quantified peptides (n), number of peptide spectral matches (PSM), and interquartile ranges (IQR) are listed below each instrument designation. **, P-value for Levene's test of peptide ratios (first to third quartiles of data) G0.0001. . PAL high resolution multiplexed labels. Lys-C peptides derived from human cell lysate were iteratively labeled, first with β-Ala 2 PAL 3-plex reagents and then with Gly 2 PAL-HR binary reagents to provide a 6-channel labeling scheme in which isotopologues within each 3-plex isotope cluster were separated by m 2 -m 1 = 0.01267 ( 13 C 2 or 15 N 2 ) per labeled amine group. Peptides were mixed in relative ratios of (a) [ (1): (1): (1): (1): (1) 
PAL High Resolution (PAL-HR) Stable Isotope Labels
Continued technological advances have resulted in mass spectrometers that provide high mass resolution and mass accuracy, along with fast acquisition rate; collectively, these analytical figures of merit enable quantification strategies whereby labeled peptides differ in mass based on the nuclear binding energy in carbon, nitrogen, or oxygen. In this scenario, analogous peptides from different biological conditions appear at the same nominal mass, similar to isobaric tags (e.g., iTRAQ and TMT). However, shifting neutrons from carbon to nitrogen in molecules that are otherwise identical creates a pair of isotopologues that differ in mass by~6.3 mDa per atom. With sufficient mass resolution, peptide ratios can be measured for intact precursors in MS spectra as well as discrete N-and C-terminal fragment ions in MS/MS scans. Notably, isotopologue pairs will be simultaneously isolated for fragmentation, resulting in improved duty cycle compared with nominal mass labeling schemes, along with higher sensitivity when low-resolution MS/MS scans are acquired.
We used a PAL scaffold with two glycine residues to create an isotopologue reagent pair containing 13 C 2 or 15 N 2 that differ in mass by~12.7 mDa (Gly 2 PAL-HR, Figure 4a ). To illustrate compatibility of PAL reagents with different protection schemes and amine-targeting active esters (Figure 1a) , we installed an N-terminal Boc protecting group and a C-terminal amine reactive pentaflourophenyl ester. The Boc group is removed under acidic conditions, and may be preferred for analysis of peptides carrying modifications not amenable to high-pH deprotection (e.g., glycosylation). In addition, direct reaction of pentafluorophenyltrifluoroacetate with protected isotopologue acid intermediates in THF provides a simple and convenient synthetic route to obtain the final product. Tryptic peptides derived from human cell lysate were encoded with these reagents and mixed in a ratio of 3:1 for light ( 15 N 2 ) and heavy ( 13 C 2 ) channels, respectively. We acquired LC-MS/MS data with a hybrid linear ion trap (LTQ)/Orbitrap mass spectrometer, modified to allow acquisition of time-domain transients of up to~3 s, providing MS 1 spectra with a mass resolving power of~240,000 at m/z = 400. In addition, we acquired LC-MS/MS data with a custom-built LTQ/FT-ICR mass spectrometer equipped with a 14.5 T magnet [44, 45] . For the latter, we obtained MS 1 spectra over a resolving power range of~200,000 to~1.6M (at m/z = 400). On both platforms, low resolution MS/MS spectra were acquired to facilitate peptide identification. Analysis of these data revealed a consistent median ratio across all conditions, with the LTQ/FT-ICR providing a narrower distribution than the Orbitrap (Figure 4b , top, with representative MS spectra for isotopologues below). As expected, increased acquisition period resulted in higher resolving power, although the precision of peak height ratios is likely limited by concomitant damping of time-domain transients [46, 47] . In addition, we found that the success rate for quantification was higher for lysine-terminated peptides, expected to carry two labels, compared with those terminated with arginine ( Figure 4c) ; similarly, the quantification rate was higher for doublycompared with triply-charged tryptic peptides. Based on these data, we next digested human cell lysate with endoprotease Lys-C to ensure incorporation of multiple Gly 2 PAL-HR labels on each peptide. After mixing these samples in a 3:1 ratio, we acquired LC-MS/MS data across the same resolving power range as above (Figure 4d, top) . Analysis of the resulting peptide ratios revealed a nearly uniform success rate of quantification across all experiments. Although Lys-C, compared with trypsin, is expected to generate larger peptides with higher basicity, we nevertheless observed that most of the precursors were doubly charged, with a concomitant increase in m/z separation between isotopologues (Figure 4d, bottom) .
As noted above, the PAL architecture affords an opportunity to "tune" the encoded mass difference between isotopologues through polymerization of additional labeling groups after deprotection. For example, introduction of two tandem Gly 2 PAL-HR labels (label-deprotect-label-deprotect) would increase the mass difference from~12.7 mDa ( N 8 ) in total for lysine-terminated peptides. We reasoned that this approach would extend the m/z range over which precursors are successfully quantified in MS-level scans and extend the use of PAL chemistry to MS/MS level quantification, where b-and y-type fragments are predominantly singly-charged, in addition to other mass spectrometry platforms (e.g., TOF). Pursuant to this hypothesis, we labeled Lys-C peptides derived from human cell lysate with Gly 2 PAL-HR reagents, and then repeated the labeling procedure after the deprotection step, effectively creating Gly 4 PAL-HR peptides (Figure 5a ). We mixed labeled peptides in a 1:1 ratio and acquired LC-MS/MS data with a LTQ/Orbitrap; fragment ions were detected at high-resolution in the Orbitrap mass analyzer. Peptides were accurately quantified in MS/MS scans, across a resolving power range of~30,000 tõ 120,000 (Figure 5b , left), with both the average number of quantified fragments and their corresponding mass-to-charge ratio increasing as a function of resolving power (Figure 5b , right panels). We next analyzed the same sample by LC-MS/MS with a tandem quadrupole time-of-flight mass spectrometer and resolved fragment ion isotopologues up to m/z ≈ 600 (Figure 5c ). Although this mode is similar to iTRAQ/TMT strategies in that quantitation is derived from MS/MS spectra, the PAL approach offers several advantages. First, relative quantitation is derived from b-and y-type fragments that are sequence-specific and, hence, in principle devoid of contamination and associated ratio compression [16] [17] [18] . In addition, quantification is based on multiple fragment ions derived from the same peptide, rather than a single reporter ion as for iTRAQ/ TMT isobaric reagents. Finally, the collision energy for MS/MS is not compromised by the need to balance b-/y-fragment and reporter ion relative abundances as is often the case with commercially available isobaric labels [48] .
Controlled polymerization inherent to PAL chemistry also enables a "mix-and-match" of low-and high-resolution labels to achieve improved multiplexing. As an example, we labeled Lys-C peptides derived from human cell lysate first with β-Ala 2 PAL 3-plex reagents and then with Gly 2 PAL-HR binary reagents to create a 6-channel multiplex scheme in which isotopologue pairs are separated by~25 mDa ( 
Direct Comparison of Labeling Reagents
In an effort to assess the general performance of PAL labeling strategies, we directly compared PAL-MP, PAL-HR, and mTRAQ approaches. Equal aliquots of K562-derived tryptic peptides were labeled to yield binary mixtures: PAL-MP (LL and LH), PAL-HR, or mTRAQ (light iTRAQ and iTRAQ-117). After deprotection of PAL labeled peptides, equivalent amounts of each peptide mixture (250 ng) were analyzed by the same LC-MS/MS method to allow direct comparison of labeling efficiency, as well as numbers of PSM and unique peptide sequences afforded by each reagent. Unlabeled peptides were included in this analysis as a control (Table 1) . In all experiments, we observed labeling efficiencies of ≥90 % (Supplementary Experimental Procedures). Although we observed no significant impact on Mascot scores for PALlabeled peptides (Supplemental Figure S8) , it is possible that label-specific fragmentation, such as amide bond cleavage within larger PAL reagents, could negatively impact peptide identification rates. However it is likely that the search algorithm or its associated parameters could be modified to account for these fragments. Not surprisingly, each labeling scheme reduced the number of PSM and unique peptides versus the equivalent analysis of unlabeled peptides. Although these data provide proof-of-principle for the use of PAL reagents in quantitative proteomic studies, further investigation is needed to determine the relative impact of production variables such as reagent purity, which can presumably be addressed with commercialgrade synthesis capabilities, versus fundamental limitations in fragmentation efficiency, on the overall success of peptide identification relative to mTRAQ labels.
Conclusions
Recent advances in DNA sequencing technologies [49] [50] [51] illustrate the potential to derive biological insight from systematic, genome-scale measurements. Quantitative proteomic data complement those from high-throughput NextGen sequencing and are critical components of system-level studies designed to monitor biological response to perturbation or build predictive models of cellular physiology. As a result, there is significant motivation for continued technological advances in mass spectrometry-based proteomics. Herein we provide proof-of-principle data for a new class of stable isotope labels to support quantitative proteomic applications. Termed Protected Amine Labels (PAL), these reagents offer several desirable figures of merit for mass spectrometry-based protein characterization. First, the use of amino acids encoded with 13 C, 15 N, and 18 O ensures physicochemical equivalence with respect to chromatographic and fragmentation behavior among labeled peptide analogs. This attribute is particularly relevant given the recent advances in multi-dimensional peptide fractionation [52, 53] , along with the introduction of novel mass spectrometry fragmentation schemes [54, 55] . Moreover, PAL reagents achieve broad, quantitative labeling of peptide primary amines via activated esters, but also include a reversible protecting group to enable regeneration of free amines and, hence, facile ionization during mass spectrometry analysis. Importantly, these reactions go to completion under mild conditions, ensuring compatibility with efforts directed at quantitative analysis of post-translational modifications. We demonstrated the latter observation through a large-scale, quantitative analysis of phosphorylation cascades mediated by GM-CSF or G-CSF ligands in primary, human CD34+ hematopoietic progenitor cells.
Building on previous reports [9, [20] [21] [22] [23] [24] [25] [26] , we used the PAL scaffold to develop stable isotope labels in which peptides are mass-encoded based on the difference in binding energy between carbon and nitrogen nuclei. The Gly 2 PAL-HR binary reagent affords a mass difference of 0.01267 Da/label ( 13 C 2 versus 15 N 2 ; m 2 -m 1 = 0.01267). We observed fully resolved peptide precursors and fragment ion isotopologues in MS and MS/MS scans for both Orbitrap and FT-ICR mass analyzers. The Orbitrap exhibited a higher susceptibility to space charge-induced coalescence of isotopes, which may diminish the overall success rate of quantification depending on the specific sample type and acquisition parameters. However, recent commercial releases of this instrument operate at higher resolving power and, hence, may fare better in this regard [56] [57] [58] . Although the Gly 2 PAL-HR reagents described herein enable binary quantification schemes, it is possible to extend the multiplexing capabilities by use of the same scaffold (for example, Supplemental Figure S9A ). In an analogous fashion, strategic incorporation of 13 C, 15 N, and 18 O into the Gly 4 PAL-HR scaffold could be used to implement a 9-plex quantification scheme (Supplemental Figure S9B) .
Importantly, the PAL workflow supports iterative steps of "label-deprotect-label-deprotect," allowing incorporation of multiple labels and, hence, a greater mass separation between corresponding isotopologues. We leveraged this aspect of PAL chemistry to achieve accurate quantification results for Lys-C peptides with an Orbitrap mass analyzer; in fact, we detected resolved isotopologue fragment ions, up to m/z ≈ 600 with a tandem quadrupole time-of-flight instrument, highlighting the versatility of PAL reagents and their capacity to accommodate quantitative proteomic analysis across a wide range of mass spectrometry platforms. Finally, we leveraged the versatility of PAL chemistry to create a 6-plex high-resolution, multiplexed reagent (β-Ala 2 -Gly 2 PAL HR MP). Although we successfully applied PAL chemistry in multiple contexts, we also observed several limitations at this early stage of reagent development. First, regeneration of peptide free amines requires an extra step of sample handling that may negatively impact the number of identified peptides; this effect would presumably be amplified during iterative stages of "label-deprotect-labeldeprotect." However, the more complex labels described herein (Gly 4 PAL HR and β-Ala 2 -Gly 2 PAL HR MP labels) can be readily produced by standard techniques in commercial peptide synthesis, thereby simplifying the overall method to a single labeling/deprotection step. In addition, PAL-HR labels require instruments that can provide high resolution mass measurements of precursor or product ions, leading to a potentially deleterious compromise between peptide identification and quantification. Fortunately, as noted above, developments in instrument hardware and data processing are clearly moving in the direction of improved scan rate concurrent with higher resolution. Moreover, current time-of-flight instruments provide fast acquisition rate at sufficient resolution to enable MS/MS-based quantitation with PAL HR labels. Finally, we note that quantification accuracy may be comprosmised for extreme ratios if PAL isotopologues are not fully baseline resolved.
PAL regents are readily synthesized from simple building blocks, making them widely accessible for proteomic applications and further technical development throughout the research community. Their versatility with respect to sample type, experimental workflow, and mass spectrometry instrumentation will make PAL reagents an important addition to the quantitative proteomics toolbox.
